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ABSTRACT  
This presentation gives an overview on the applications of low-temperature 
plasmas in fluidization fields, with the highlight of coal pyrolysis in thermal plasma 
as a cleaner coal conversion technology. We further propose that integrating 
plasma physics & chemistry with multiphase flows would open new horizons for 
R&D activities of multiphase reactors, featured by unconventional process 
intensification. 
INTRODUCTION  
The history of fluidization technology can be tracked to the 1920s, when the 
Winkler process was developed to gasify coal in a fluidized bed. While, the first 
large-scale commercial implementation was the fluid catalytic cracking (FCC) 
process in the early 1940s, converting the heavier petroleum into gasoline and 
light hydrocarbons. Afterwards, successful development of fluidization 
technologies has been extended into various industries. Accordingly, the R&D 
activities in both industry and academia have been carried out, which tackled 
almost all aspects of the multiphase reacting flows in fluidized bed reactors. At 
the early stage, classifications of particle properties, flow regimes and/or flow 
structures in relation to the understanding of bubbles, clusters and so on 
established the basic framework of fluidization science and technology (1-5), 
where the fluid-particle interactions at different scales played the essential role in 
these multiphase reactors performance. Based on these fundamental 
understandings, the transport phenomena (i.e., momentum, heat and mass 
transfer) between phases can be further intensified by mechanical vibration, 
rotation, sound/ultrasound, microwave, and magnetics field in order to finally 
enhance the reactor behaviors.  
Different from the conventional means for process intensification, we have made 
great efforts to further explore the special features of transport phenomena and 
chemical reactions in multiphase plasma reactors for both industrial needs and 
academic interests. Plasma is acknowledged as the fourth-state of matter (6), 
consisting of large concentration of charged particles (negative ions, positive ions 
and electrons), active atoms and radicals, excited atoms and molecules, and UV 
photons. In a plasma-assisted multiphase flow, physics and chemistry are cross-
linked together from the atomic level to meso-scale and finally to the reactor 
scale. Control and optimization of these plasma-chemical processes are often 
permitted by changing the gas components, temperature, electron energy 
distribution function and so on. 
It has been well-known that low-temperature plasmas (i.e., thermal and non-
thermal plasmas) can provide significant intensification of the traditional chemical 
processes, essential increase of their efficiency, and often successful stimulation 
of chemical reactions impossible in conventional chemistry. In a plasma 
environment, continuous fluid (gas in general) becomes highly active due to the 
ultra-high temperature in thermal plasma or due to the ionized state with highly 
energetic particles in non-thermal plasma. The engineering aspects and 
application areas are quite different between thermal and non-thermal plasmas. 
For instance, thermal plasma is frequently applied to decompose the feed 
materials, e.g., coal, liquid hydrocarbons, biomass, solid wastes, etc., into light 
gases, where the discrete phase can be rapidly heated up in milliseconds by the 
large temperature difference. In a non-thermal plasma, particles/droplets or solid 
surfaces are exposed to the energetic, ionized gas so that the reactions in 
between can take place far from the chemical equilibrium. In spite of these 
differences, the two very different types of ionized gases have many more 
features in common, which are attractive for applications in chemistry and related 
multiphase reactors. For example, the concentration of energetic and chemically 
active species, energy density, and temperatures of at least some components in 
plasmas can significantly exceed those in conventional chemical technologies. 
For plasma-assisted multiphase flow, the contact mode and efficiency between 
discrete phase and plasmas becomes extremely important to manipulate the 
reactor performance.  
In this presentation, major attention will be given to the application of thermal 
plasma in coal pyrolysis to acetylene, a cleaner coal conversion technology 
discovered in the 1960s. We will share our work experience on this sophisticated 
process from fundamental reserach at the lab-scale (1~10 kW) to the industrial 
demonstration plant at the scale of 5 MW. The contents will cover the 
comprehensive studies of thermodynamic analysis, coal pyrolysis characteristics, 
nozzle design for millisecond gas-particle mixing, cross-scale CFD modeling and 
simulation of multiphase reacting flows, strategy of reactor scale-up and so on. 
After that, some discussions will be made on the fluid-particle contact and 
reactions in non-thermal plasma fluidized bed. It is anticipated that integrating 
plasma physics & chemistry with multiphase flows would open new horizons for 
conventional fluidization engineering. 
THERMAL PLASMA AND ITS APPLICATION IN CLEAN COAL 
CONVERSION  
Thermal Plasma: Principles and Features 
Thermal plasma generators have been designed for many diverse industrial 
applications covering a wide range of operating power levels from less than 1 kW 
to over 50 MW. The interest in the investigation and application of the thermal 
plasma is caused by its unique thermodynamic and transport properties (7): (1) 
high concentration of energy; (2) high rate of the chemical reactions, producing 
high-productivity apparatus-reactors; (3) high efficiency of the electrical - thermal 
energy transformation; (4) possibility of heating almost any gases: reducing, 
oxidative, inert gases and their mixtures; (5) possibility of heating gas to the 
mean mass temperature of 1.5×104 K. 
On the basis of the above features, thermal plasma enhanced multiphase 
reaction processes are always accommodated in ultra-short contact reactors, e.g., 
the downer reactor, featured in our previous researches (8). In this part, we give 
an example of thermal plasma application in coal pyrolysis to acetylene. In the 
1960s, similar process was successfully commercialized using liquid 
hydrocarbons as the feedstock by DuPont (9).  
Coal Pyrolysis to Acetylene in Thermal Plasma Reactor 
Acetylene is an important chemical material and widely used for the manufacture 
of a number of large volume chemicals such as vinyl chloride (for producing PVC), 
vinyl acetate, acrylonitrile, acetaldehyde, and so on. Nowadays acetylene is 
mainly manufactured by the partial oxidation of methane, or appears as a side 
product in the ethylene stream from cracking of hydrocarbons in the western 
countries. However, 90% of acetylene is produced using conventional calcium 
carbide method in current China, which causes heavy energy consumption and 
environmental issues. Compared to the calcium carbide method, one-step 
conversion from coal to acetylene in thermal plasma is a much cleaner coal 
utilization, which has no direct carbon dioxide emission, no request for a large 
amount of water and with hydrogen, carbon monoxide, methane, ethylene as by-
products. The principle of this process is shown in Figure 1(a): once the 
pulverized coal is heated to the temperatures above 1,800 K within milliseconds, 
a gaseous mixture will be released to the gas phase and soon convert to 
acetylene in the controlled temperature range of 1,800~3,000 K. However, 
acetylene will decompose to hydrogen and soot when the system temperature is 
lower than 1,800 K. Therefore, there need a quench device at the downstream of 
the reaction chamber to efficiently prevent the decomposition of acetylene. In 
order to realize the above three improtant steps, the typical experimental setup 
consists of the plasma torch, the mixing section, the reaction chamber, the 
quench device and the separator, as shown in Figure 1(b) . 
 
Figure 1 One-step conversion from coal to acetylene: (a) process principle; (b) schematic 
drawing of the plasma reactor 
Bond et al. (10) first reported the direct means for producing acetylene by using a 
plasma jet in the early 1960s. The result showed that acetylene represented 
more than 95% of the hydrocarbons in the arc gas; hydrogen, carbon monoxide 
and hydrogen cyanide (HCN) were the other main gaseous components formed. 
Afterwards, Bond et al. (11) summarized the influence of the factors (including 
coal rank, particle size and jet atmosphere) on the reactions of coal in a plasma 
jet. The plasma jet and its associated equipment are shown in Figure 2. The 
experimental results showed that the extent of the reactions of coal in the plasma 
jet depended upon the combination of a physical effect and a chemical effect. As 
a consequence of these two effects, a high-volatile coal with small particle size 
would give the maximum reaction. In order to make certain that the coal was 
introduced into the hottest region of the plasma, Nicholson and Littlewood (12) 
used the holes drilled in a hollow cathode holder to feed the coal axially into the 
plasma, as shown in Figure 3. It was considered based on their experiments that 
acetylene was formed principally from the aliphatic and alicyclic components of 
the coal structure.  
   
Figure 2 Plasma jet 
apparatus of Bond et al. 
(11) 
Figure 3 Schematic diagram of 
plasma apparatus of Nicholson 
and Littlewood (12) 
Figure 4 Conceptual 
drawing of 1 MW arc coal 
reactor (14) 
Table 1 Performance of AVCO arc-coal process (14) 
 Units Water Propane Coal 
Input power kW 807 690 478 
Pressure kPa - 17.3 19.3 
Feedstock input    
H2 kg·hr-1 34.5 33.3 33.3 
Coal kg·hr-1 204 220 406* 
Propane kg·hr-1 - 88 - 
Yield of product**    
C2H2 wt % 37.6 30.0 16.2 
C2H4 wt % 0.3 21.4 10.5 
SER kWh/kg·(C2H2+C2H4) ~10.5 6.1 4.4 
*     Include the coal input for quenching 
**   Yield is calculated by weight of product / weight of coal input 
In the early 1980s AVCO Arc-Coal process reported promising pilot-plant results 
using a prototype of 1 MW plasma reactor (13-14). The diagram of the 1 MW 
reactor is shown in Figure 4. The reactor was a DC rotating arc reactor with the 
coal feed through the reactor. The performance achieved in the tests with the 1 
MW reactor using water, propane, and coal as the quench materials is given in 
Table 1. Based on this, Patrick and Gannon (14) had pointed out that “… the arc-
coal process is a coal based process which can economically compete with oil 
based process ...”. 
Since 2002, two sets of the largest pilot-plant plasma reactor facilities in the world 
(i.e., 2 MW and 5 MW) have been successfully built in China. The best operation 
results show the bright future of this advanced coal conversion process: the total 
energy cost is reduced by about 25%, carbon dioxide emissions is reduced by 
about 50%, water consumption is reduced by about 60%, and the materials 
saving in terms of the coal is about 40% in comparison with the calcium carbide 
method. However, the inherent challenge is inevitably encountered to develop 
such a process operated under high temperature and milliseconds contact time 
for lacking the fundamental knowledge and relevant experience. The main 
drawbacks of using thermal plasmas for plasma-chemical applications would be 
the energy efficiency and selectivity of such systems to desired products. In 
addition, high-energy consumption is required to provide special quenching of the 
reagents. Therefore, we will focus our attention to the discussions about how to 
improve the selective treatment of reactants as well as to achieve high efficiency 
in this two-phase flow process operated under extreme conditions.  
1. Millisecond Mixing between Coal Particles and Gas Stream 
As mentioned above, rapid heating of coal powders is the first essential step in 
coal pyrolysis process. Therefore, the mixing between coal particles and the 
plasma has a significant impact on the overall reactor performance. The design 
of the mixing section must provide an intimate contact between the hot gas and 
the coals to guarantee the release of the volatiles from coal particles in 
milliseconds. For the coal pyrolysis process, the inlet design for the coal injection 
should be in accordance with the design of the plasma generator.  
In the 2 MW plasma reactor, a novel V-shaped hydrogen plasma torch was 
installed at the top of reactor in order to provide ultra-high temperature fluid. 
Under the torch, coal particles need to be injected into the hot hydrogen stream 
around the downer reactor to assure the stable operation of the plasma generator. 
The importance of the coal injection design and the nozzle design, which is 
critical in influencing the contact efficiency between the hot gas and the coal 
particles, was investigated by computational fluid dynamics (CFD) simulation and 
corresponding cold model experiments. As shown in Figure 5, compared to the 
round-shaped nozzles, the flat-shaped nozzles would increase the contact area 
between the injected coal particles and the hot gas flow.  
The cold model experiments and simulation results also revealed that the 
distribution of the coal particles near the inlet nozzles was significantly influenced 
by the angle of the newly-proposed flat-shaped nozzles, the layout of the nozzles 
and the operating conditions (15). The hot model tests demonstrated that the 
reactor performance characterized by the concentration of acetylene in the 
product gas increased from ~7.6% to 12.3% by optimizing the nozzle design, 
which indicated the critical role of the nozzle design in the coal pyrolysis process. 
That is to say, the heat exchange between phases, the residence time of coal 
particles in the hot hydrogen stream, the coal conversion and the yield of 
acetylene can be intensified by the inlet/nozzle design. 
 
Figure 5 The initial distribution of the coal particles at the inlet of the 2 MW plasma 
downer reactor (15) 
2. Thermodynamic Analysis 
After passing through the optimized mixing section that guarantees a better 
mixing and heating efficiency of particles by the hot gas, most of the volatiles are 
released to the reaction chamber. The formation of acetylene is determined by 
the thermodynamic equilibrium at the ultrahigh temperature. Based on the early 
work, we systematically re-examined the thermodynamic study on this process 
with the experimental data of the 2 MW and 5 MW pilot-plants (16-17).  
Figure 6 illustrates a representative analysis of thermodynamic equilibrium of gas 
phase in coal pyrolysis process corresponding to an operation of the 5 MW 
plasma reactor in industry. Under the hydrogen atmosphere and high 
temperatures, the product gases of coal pyrolysis mainly consist of acetylene (7-
10%), hydrogen (70-80%), carbon monoxide (~10%), methane and little ethylene. 
As shown in Figure 6, when the temperature before quenching changes from 
1,800 to 1,500 K, the mole fraction of acetylene in the gases drops from 8.31% to 
2.76%. Therefore, the desired operation window of reaction temperature can be 
determined as 1,800-3,000 K. It can be summarized from Figure 7 that the 
effective mass ratio of C/H in the gas phase and the quench temperature are the 
two dominant factors which play a dominant role in the yield of acetylene. Higher 
effective mass ratio of C/H would have a more positive effect on the reactor 
performance in terms of acetylene concentration. In general, the effective mass 
ratio of C/H in the gas released from coal is always less than 2.0. However, if 
alkanes or alkenes are chosen as the feedstock, the higher mass ratio of C/H 
(e.g., 3.0 for methane, 4.0 for ethane, 5.5 for decane, 6.0 for alkenes, etc. ) will 
benefit the formation of acetylene in the product gas.  
 
Figure 6 Validation of thermodynamic equilibrium predictions with the representative 
experimental data of the 5 MW pilot-plant (17) 
 
Figure 7 Variations of C2H2 concentration at thermodynamic equilibrium with different 
effective mass ratio of C/H under different quench temperatures 
This result indicates that the acetylene yield can be flexibly controlled by   
adjusting the composition of feedstock, for example, by co-feeding coal with a 
certain percent of liquid hydrocarbons. This opens new windows for operating the 
plasma pyrolysis processes with a wide range of choice of feedstocks (e.g., coal, 
natural gas/shale gas, coal bed methane, coal tar, asphaltene, waste polyolefins, 
etc.). With the guidance of this approach, the desired acetylene yield (or a better 
reactor performance) can be easily achieved by accommodating the effective 
mass ratio of C/H in the gas phase and the temperature before quenching. 
3. Cross-scale Modeling and Simulation of Coal Pyrolysis to Acetylene 
Since the desired operation window of reaction temperature should be controlled 
in the range of 1,800-3,000 K according to the thermodynamic analysis, either 
physical or chemical information inside the reactor can be hardly obtained by 
direct measurement. In order to deeply understand the gas-particle mixing 
mechanism in the mixing section and the detailed particle devolatilization as well 
as the complex gas-phase reaction behaviors in the reaction chamber, we 
established a comprehensive computational fluid dynamics with discrete phase 
model (CFD-DPM) (18-19). The modeling scheme of this cross-scale model is 
shown in Figure 8, which incorporates the particle-scale physics such as the heat 
conduction and volatile diffusion inside particle (20), the physical models of coal 
devolatilization (21), the tar cracking reactions, and the interphase exchange of 
momentum, heat and mass between the particle and the continuous phases. The 
appropriate modeling of the particle-scale physics is to assure the reasonable 
prediction of coal particle heating and devolatilization in milliseconds, which is 
comparable to the overall reaction time of coal in the reactor. 
The proposed CFD-DPM model was validated with the experimental data 
reported by Baumann et al. (22) and obtained from the 2 MW and 5 MW pilot-
plant plasma reactors under the typical operating conditions. The model 
predictions agreed quite well with the experimental data from the lab-scale 
setups (23) to the two pilot-plant reactors (19). This demonstrates that this model 
is suitable to investigate the key impact factors and to predict the performance of 
2 MW and 5 MW pilot-plant reactors.  
 
Figure 8 Illustration of the modeling scheme of CFD-DPM approach and distribution of 
coal particles, gas temperature and velocity magnitude in the 2 MW/5 MW reactors 
The 3-dimensional simulations can reveal the detailed unmeasurable 
distributions of  gas temperature, velocity and main species, the particle heating-
up and devolatilization history, as well as the particle-scale behaviors such as 
temperature distribution inside particle, as shown in Figure 8. The results also 
demonstrated that both the resistances of internal heat conduction and volatiles 
diffusion inside the particle would impede thermal energy transporting into the 
particle, indicating that selection of particles with suitable diameters was very 
important for such an ultra-high temperature and ultra-fast pyrolysis process. It is 
very clear that different mixing section design would result in different gas-particle 
mixing efficiency, and correspondingly leading to different performance. 
According to the simulation result, fresh understanding on the relationship 
between the particle trajectory in a 3-dimensional real reactor and corresponding 
coal devolatilization performance can be achieved.  
It should be mentioned that the cross-scale modeling and simulations of 
multiphase reacting flows enabled the reasonable predictions of the complex coal 
pyrolysis under the conditions of ultra-high temperature and milliseconds contact 
time, which would provide more scientific guidance on the industrial scaling-up 
strategy and optimization of process conditions of the coal pyrolysis in thermal 
plasma. We are working on the further improvement of chemical percolation 
devolatilization (CPD) model to better incorporate the features of different coal 
ranks in order to determine the methodology how to choose the appropriate 
feedstock for this process.  
4. Quench Design 
 
Figure 9 Schematic diagram of gas-solid fast separator and the corresponding residence 
time distribution of gas phase under different inlet gas velocity 
Both the thermodynamic analysis and experimental results show that the product 
gas must be quenched in milliseconds to avoid the decomposition of acetylene. 
Water quenching can be a reliable way to cool down the hot multiphase flows. 
However, such simple quench design would inevitably cause the energy waste 
because of the temperature difference of more than 1,000 K during the quench 
process. The AVCO arc-coal process (13-14) had given an option that 
propane/coal was used to quench the system, with a considerable extra yield of 
ethylene (e.g., the propane quenching raises the combined yield of acetylene and 
ethylene from 37.9% to 51.4%, as shown in Table 1). Besides, we had proposed 
to separate the gas-solid flow at high temperature using a fast separator (24). In 
this way, the high-grade energy from the collected hot solid particles can be re-
utilized. Meanwhile, much less water is needed to quench the rest of the 
multiphase flows. As shown in Figure 9, a gas-solid fast separator was studied 
for its potential application in the process of coal pyrolysis to acetylene in plasma. 
The CFD simulations were employed to predict the performance of the gas-solid 
fast separator and then to optimize the design. The results showed that the 
separation efficiency approached to 100% when the particle diameter was larger 
than 20 μm. It is expected that the gas-solid fast separator using in the ultra-short 
contact reactor can meet the stringent demand of coal pyrolysis process for the 
milliseconds reaction, quenching and separation.  
5. Strategy of Reactor Scale-up 
The scale-up of this plasma reactor needs to ensure the achievement of the three 
important stages shown in Figure 1(a). Moreover, the scale-up is very sensitive 
for the strong interaction of physics and chemistry in milliseconds. We concluded 
from the operation experience of 2 MW and 5 MW reactors that the cause of 
unsatisfactory performance in the current 5 MW reactor was attributed to the 
worse gas-particle mixing efficiency and shorter residence time. With the 
guidance of CFD simulations, we proposed a new strategy for scale-up, i.e., the 
parallel passage reactor, to fulfill the millisecond gas-solid mixing at the coal inlet, 
as shown in Figure 10. This design has already been verified a success in the 
industrial demonstration. 
 
Figure 10 Scale-up methodology: parallel passage 4×1.5 MW plasma reactor 
In addition to the above contents, our recent studies on the slow, fast and plasma 
pyrolysis processes of different coals will be presented at the conference, which 
will show experimental fundamentals to help choosing the coal rank appropriately 
for this process. Though great efforts have been made to understand the basic 
rules in coal pyrolysis to acetylene, many unknown fundamental problems are 
still waiting to be answered from the academic community, together with the 
engineering issues regarding the plasma torch, materials of the reactor, and so 
on. There is no doubt that all the efforts towards solutions to the unknown 
questions would definitely benefit the practical development of this novel process 
for cleaner production of acetylene in industry. Meanwhile, the success of this 
plasma based technology would bring potential applications of thermal plasma in 
some energy intensive processes, e.g., the cleaner, high efficient production of 
polysilicon from tetrachlorosilane/trichlorosilane, solids waste treatment without 
toxic gas emission, etc. 
NON-THERMAL PLASMA AND ITS APPLICATION IN FLUIDIZED BED 
REACTORS 
Non-thermal plasmas or cold plasmas exist far from the thermodynamic 
equilibrium and are characterized by a highly reactive multi-component system 
consisting of large concentration of charged particles (electrons, negative and 
positive ions), excited atoms and molecules, active atoms and radicals, and UV 
photons. Each component of the chemically active plasma plays its own specific 
role in plasma-chemical kinetics.  
Non-thermal plasma technologies were first developed and applied to ozone 
generation and later have been successfully applied to remove varieties of 
gaseous pollutants, such as NOx, SOx, mercury, volatile organic carbons (VOCs), 
dioxins, and so on (25-26). However, when a plasma gas contacts with a discrete 
phase, e.g., bubbles, particles or droplets, the multiphase flow exhibits special 
features of plasma physics and chemistry, for example, the application of plasma 
to modify the surface properties of polymer materials (27-28), synergetic catalysis 
by plasma and catalyst particles in a fluidized bed (29). For the page limitation, 
we do not include the detailed contents of plasma-assisted fluidization technology 
in the context. During the presentation, we will give an introduction to a novel 
process decoupling technique to make chlorinated polyvinyl chloride (CPVC) 
using plasma fluidized beds (30-31).  Furthermore, some open discussions will 
be made on the multiphase flows in different plasma environment, such as the 
synergetic effect of plasma and catalyst, the hydrodynamics, transport 
phenomena and reactive behaviors in plasma-assisted multiphase flow. 
CONCLUSIONS AND OUTLOOK 
Low-temperature plasmas, including thermal and non-thermal (or cold) 
plasmas, have found wide applications in multiphase flow reactors, especially for 
gas-solid contact processes.  
As summarized, the major advantage of thermal plasma is the concentrated 
ultra-high temperature zone, which becomes the driving force to treat all kinds of 
feedstock. The transport phenomena are extremely enhanced for the nature of 
the high temperature grade and the large temperature difference between hot 
gas and treated materials so that the contact processes are in milliseconds. 
However, this brings the significant challenges to the reactor design with regard 
to the energy efficiency, gas-solids mixing, quench design and scale-up. As a 
major body of this presentation, development of coal pyrolysis to acetylene in 
hydrogen plasma was updated, covering the comprehensive studies from lab-
scale to the 5 MW pilot-plant scale. This process can implement a one-step 
conversion of coal (or many other hydrocarbons) to acetylene in milliseconds 
under ultra-high temperatures. On one hand, this presents a novel, short coal 
utilization route, converting coal directly to chemicals. On the other hand, it is a 
much cleaner means to make acetylene in comparison to the conventional 
calcium carbide method. Recent progress in industrial demonstration has further 
shown the bright future of this advanced technique, though many challenges in 
reactor and process designs are inevitably encountered. It is expected that the 
knowledge and experience accumulated during the process development would 
give impetus to the potential applications of thermal plasma in chemical industry, 
energy conversion (e.g., coal gasification), waste treatment, and high-valued 
material synthesis.  
For non-thermal plasma, polymer particle treatment and catalytic chemical 
conversion will be overviewed during the presentation. Different from the ultra-
high temperature in thermal plasma, versatile applications of non-thermal plasma 
in fluidization fields have been studied because of the ease of low-temperature 
operation. While, interesting gas-solid flow behaviors are presented in different 
plasma environment, which would propose new topics for multiphase flow 
research.  
To sum-up, plasma treatment or processing of gas, liquid or solid materials has 
special features so that the reactor design could totally differ from the 
conventional reactors. Meanwhile, plasma can be simply superimposed onto the 
available reactor designs to incorporate the new features of plasma physics and 
chemistry. Therefore, plasma-assisted multiphase flows would bring many new 
opportunities for novel reactor designs and process development with unique 
fundamental research. The core scientific aspect of plasma reactors can be 
summarized as the multi-scale physics and chemistry involving hydrodynamics, 
transport phenomena and reactive behaviors in multiphase reactors with the 
existence of plasmas. We anticipate that integrating plasma physics & chemistry 
with multiphase flows would open new horizons for R&D activities of multiphase 
reactors in conventional fluidization engineering. 
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